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INVESTIGATION OF WATER INJECTION ON 

MODELS OF GEMINI V E H I C U  AND RFSULTING PFU3DICTIONS 

FOR GT-3 REENTRY COMMUNICATIONS EXPERINEXl? 

By Ivan E. Beckwith, Dennis M. Bushnell, 
and J a r r e t t  K. Huffman 
Langley Research Center 

SUMMARY 

A wind-tunnel investigation at Mach 8 of water inject ion in to  the  flow 
f i e l d  of the Gemini reentry configuration at an angle of a t tack  of 15" has been 
carr ied out. 
f i e l d  w a s  correlated in  te rns  of model diameter, nozzle o r i f i c e  diameter, Water 
in jec t ion  velocity, and stream density. 

The maximum cross-stream penetration of the spray in to  the flow 

The e f f ec t  of inject ion on surface pressures w a s  t o  increase the pressure 

The 
ahead of the in jec t ion  s i t e  on the  conical portion of t he  models and t o  decrease 
the pressure downstream of the  in jec t ion  s i t e  on the cy l indr ica l  portion. 
magnitude of the change in  pressure depended on the  r a t i o  of the l iqu id  je t  
momentum t o  the  momentum of the airstream f l o w .  
disturbances on the aerodynamic moments of the Gemini vehicle was estimated. 

The effect  of these pressure 

For preliminary design purposes, estimates of minimum water flow ra t e s  
required t o  give s ignal  recovery during the Gemini reentry were made by assuming 
complete evaporation of the water and chemical equilibrium composition. Three 
flow ra t e s  of 8.0 (3.63 kg/s), 1 . 3  (0.59 kg/s), and 0.3 lb/sec (0.14 kg/s) were 
then chosen t o  cover the estimated required range of r a t e s .  
correlat ions were then used t o  pred ic t  the variation of maximum spray penetra- 
t i on  with a l t i t u d e  and flow r a t e  f o r  the  Gemini-Titan 3 reentry. The effect  of 
f i n i t e  evaporation r a t e s  on the two-phase f l o w  conditions and equilibrium elec- 
t ron concentrations w a s  a l so  considered. 

The wind-tunnel 

INTRODUCTION 

The attenuation of radio communication w i t h  hypersonic reentry vehicles i s  
known t o  be caused by the  f ree  electrons i n  the ionized flow layer  that sur- 
rounds the vehicle ( r e f .  1, for  example). When the  f r e e  electron concentration 
exceeds some " c r i t i c a l "  value, which f o r  VKF transmission i s  about 109 electrons 
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p e r  cubic centimeter, the  radio s igna l  may be l o s t  a l together  depending on a 
number of fac tors  other  than the communication system i t s e l f .  
factors  are t h e  thickness of the ionized layer  and the d is t r ibu t ion  of the  f r ee  
electrons i n  the  layer .  On a blunt body t h e  free electrons are produced mainly 
i n  the nose region by the bow shock, and calculat ions reported i n  reference 2 
indicate t h a t  e lectron concentrations above the  c r i t i c a l  value would p e r s i s t  a t  
la rge  downstream distances.  These calculat ions were made f o r  the  RAM A vehicle 
at a f l i g h t  veloci ty  of 17 TOO f e e t  per  second (5395 m / s )  and an a l t i t u d e  of 
170 000 f e e t  (51 816 m ) .  This vehicle was a 9' half-angle cone w i t h  a hemi- 
spherically blunted nose of 1 inch (2.54 cm) radius.  

Typical of such 

Attenuation of radio transmission from large capsule-type vehicles, such 
as the Gemini and Apollo reentry modules, w i l l  be more severe than on the RAM 
vehicles f o r  several  reasons. F i r s t ,  the  capsule vehicles a re  so much l a rge r  
t h a t  the plasma layer  is a f e w  f e e t  th ick  instead of a f e w  inches thick as on 
the RAM vehicles.  
vehicle diameter due t o  the  f la t te r  face of the capsule vehicles a l so  increases 
the  re la t ive  thickness of the plasma layer .  Second, over t h e  higher a l t i t u d e  
range which i s  the  region of i n t e r e s t  f o r  t he  la rge  reentry vehicles, the chem- 
i c a l  nonequilibrium e f fec t s  a re  more pronounced than those at the lower a l t i -  
tudes of t h e  RAM flights. Third, the la rger  f l i g h t  ve loc i t ies  during reentry 
of t he  capsule vehicles increase the degree of ionizat ion and the  number of gas 
species involved. 
explaining the  complete blackout of VKF transmission already observed during 
reentry o f  the  Mercury vehicles from an a l t i t u d e  of about 300 000 f e e t  
(91 440 m )  down t o  an a l t i t u d e  of 140 000 feet  (42 672 m ) .  

The l a rge r  extent  of t he  normal shock i n  re la t ion  t o  the 

These reasons are probably the  most important ones f o r  

(See ref. 3 . )  

It has been shown i n  ground f a c i l i t y  tests ( ref .  4 )  and i n  the  RAM B2 
f l ight test  ( ref .  5)  tha t  i n j ec t ion  of water i n t o  the  flow f i e l d s  of hypersonic 
vehicles causes s igna l  recovery. In the  ground tests a blunted cone model w i t h  
a self-contained t ransmit ter  was mounted in  the  exhaust from a s m a l l  sol id-fuel  
rocket motor and considerable a t tenuat ion of the radio s igna l  w a s  observed. 
When r e l a t ive ly  small amounts of water w e r e  in jec ted  from the model i n to  t h i s  
simulated plasma, complete s igna l  recovery w a s  obtained. In  the f l ight  tes t ,  
water was in jec ted  forward from the stagnation region and a l s o  from the  s ides  of 
t he  'vehicle just downstream of the sphere-cone shoulder. Complete or substan- 
t i a l  recovery of the s ignal ,  which w a s  completely l o s t  during the  no-injection 
periods, w a s  observed f o r  even the  smallest flow rate of 0.04 pound per  second 
(0.18 kg/sec). 

In reference 6 s tudies  a re  reported of t h e  in jec t ion  and d i s t r ibu t ion  of 
l i qu ids  i n  the  flow f ie lds  of sphere-cones and a Mercury model. The s tudies  
were carr ied out i n  a Mach 8 wind tunnel with the  models a t  small o r  zero angles 
of attack. 
t o  t he  free-stream flow d i rec t ion  from o r i f i c e s  j u s t  downstream of the  heat- 
sh ie ld  corner. The maximum penetrat ion of the  spray was correlated i n  terms 
of the  l iqu id  e x i t  velocity,  the o r i f i c e  diameter, and the  free-stream density 
and velocity. Since only one model s i z e  w a s  used, it w a s  not possible t o  deter-  
mine whether the flow-field scale  had any ef fec t .  

On the  Mercury model t he  l i q u i d  w a s  in jected forward a t  a 65' angle 

In the present invest igat ion of water in jec t ion  from the  Gemini reent ry  
shape, two model s i zes  have been used i n  an attempt t o  assess the  e f fec t  of 
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UN 
flow-field scale  on the spray penetration. 
design conditions and requirements, the wind-tunnel tests were made w i t h  the  
model at an angle of a t tack of 15' and the injection s i t e  was located on the 
windward side at  about one-half body diameter downstream of the  heat-shield 
corner. The water w a s  in jected forward at  an angle of 2'3O w i t h  respect t o  the 
free-stream flow direction. This inject ion angle duplicated that of the f l i gh t  
design where forward inject ion w a s  used in  order t o  increase the  dwell time of 
the droplets i n  the flow f i e l d .  The purpose of the present report  i s  t o  pre- 
sent the r e s u l t s  of t h e  wind-tunnel investigation of the maximum spray penetra- 
t ion  and surface pressure dis t r ibut ion with water in jec t ion  from the Gemini 
models and t o  indicate how these data were applied t o  the Gemini Titan 3 (GT-3) 
reentry. 
temperatures a r e  a l so  included. 

Also, i n  accordance wi th  t h e  f l ight  

Some measurements showing the e f fec t  of water in jec t ion  on near wake 

The water flow r a t e s  used f o r  the RAM B2 f l i g h t  experiment were based p r i -  

Design estimates of the lower l imits  of flow-rate requirements fop the 

The results of the  Gemini reentry communications experiment are pre- 

In t h a t  analysis, t he  experimental r e su l t s  

marily on equilibrium cooling considerations as discussed i n  detail i n  refer-  
ence 7. 
Gemini f l i g h t  experiment were based on s i m i l a r  considerations as discussed 
herein. 
sented i n  paper 22 of reference 8, and an analysis of the  flight r e su l t s  i s  
given i n  paper 23 of reference 8. 
of the present investigation were u t i l i zed  t o  compute the spray area i n  the 
attached flow f i e l d  and t o  provide an indication of the e f f ec t  of w a t e r  injec- 
t i o n  on the  enthalpy i n  the  separated flow region of the reentry vehicle. The 
analysis of reference 8 indicates t ha t  water inject ion reduces the f r ee  elec- 
t ron concentrations primarily by recombination o r  attachment processes tha t  
occur on o r  near the droplet surfaces ra ther  than by homogeneous cooling 
e f fec ts .  

SYMBOLS 

Measurements fo r  t h i s  investigation were taken i n  the U.S. Customary 
System of Units. 
cated herein i n  the  i n t e r e s t  of promoting use of t h i s  system i n  future NASA 
reports .  Details concerning the  use of SI, together with physical constants 
and conversion factors,  a r e  given i n  reference 9. 

a,b,c,e 

Equivalent values i n  the  lnternational System (SI)  a re  indi-  

l i n e a r  dimensions (see f i g .  2)  

c, moment coeff ic ient  

D model diameter ( f i g .  1) 

d0 o r i f i c e  diameter of nozzles ( f i g .  2) 

f f r ac t ion  of a i r  i n  approaching stream tube contained i n  mixing 
region 

@;,h dimensions i n  f igure 4 
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i distance from center of windows t o  model inject ion s i t e  

L 

2 

nozzle flow length ( f ig .  2) 

surface distance from heat-shield corner ( f ig .  1) 

lil 

N 

rcy1 

S 

T 

t 

mass flow ra t e  

number of nozzles 

electron density 

pressure 

radius from aerodynamic stagnation point t o  streamline with 
Ne = lo9 behind the bow shock ( f i g .  18) 

free-stream Reynolds number based on diameter, 

droplet radius 

PmVmD - 
Pa2 

radius of cyl indrical  portion of vehicle 

distance ( f i g .  4 )  

temperature 

time 

velocity 

X, Y Cartesian coor,,nate system with or ig in  a t  in jec t ion  point and 
X-axis p a r a l l e l  t o  free-stream flow d i rec t ion  

4 



Z wind axis through aerodynamic stagnation point 

U angle of attack 

A shock stand-off distance 

$ 9  8 

CI viscosity 

angular measurements (fig. 4) 

P density 

6 
Subscripts: 

a air 

C coolant or water 

d droplet 

2 liquid at nozzle exit 

m mixture of gases 

m8x maximum spray penetration 

0 isentropic stagnation 

0' 

v vapor 

W wall 

WT windward ray 

1 initial 

2 

a0 free stream ahead of bow shock 

wake "near" wake of vehicle 

f local flow field 

angular distance around model (fig. 1) 

stagnation downstream of normal shock 

downstream end of mixing region 
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U NC L AS SlFl E D -- 
APPARATUS AND TEST CONDITIONS 

Wind Tunnel 

The wind tunnel used i n  t h e  present investigation i s  the same as the one 
used fo r  the previous inject ion s tudies  reported i n  reference 6. 
description of the f a c i l i t y  and the  nominal Mach number var ia t ion i s  given i n  
reference 10. 
100 psia t o  2500 ps ia  (689 475 t o  17 237 500 N/m2) and from 750' F t o  1050' F 
(671' K t o  839' K ) .  
these conditions i s  from 7.7 t o  8.0 and 0.6 X lo6 t o  9.7 X 106 per foot (per 
0.3048 m),  respectively. 

A brief  

In the present t e s t s  the stagnation conditions were varied from 

The nominal Mach number and u n i t  Reynolds number range fo r  

Models 

Cutaway v e i w s  of the models are  shown i n  f igure 1. The ex ter ior  shape 
without the s t i n g  o r  s t r u t  supports duplicates t h a t  of the  Gemini reentry cap- 
sule .  Two models were used i n  the  investigation. The nose diameters D of 
these models were 11 (3.8 cm) and 3 inches (7.6 cm) and, as a r e su l t ,  these 

models were 1/60- and 1/30-scale models of t h i s  portion of t he  Gemini vehicle 
which has a nose diameter of 90 inches (228.6 cm) . 

2 

The locations of t he  water inject ion s i t e s  and the f i v e  pressure o r i f i ce s  

6 = 0'. 
are  indicated in  f igure l ( a ) .  
injection nozzle i s  shown mounted at 
located a t  the  same 
scale  model were used t o  obtain l a t e r a l  pressure d is t r ibu t ion  data.  The data 
were obtained by ro l l i ng  the model t o  place an in jec t ion  s i t e  on the windward 
streamline. ( A l l  pressure data were obtained with the  model a t  an angle of 
a t tack  of 15O. ) Pressure data were then obtained at these values of 6 by 
ins ta l l ing  an inject ion nozzle at the windward s i t e  and by using blank plugs 
ins ta l led  f lush with the model surface a t  the  other sites. 

In the side-view sketch, an extended type of 
Three other inject ion s i t e s  

2/D s t a t i o n  but a t  6 = 20°, 40°, and 60° on the  l / 3 O -  

Some additional schl ieren and spray penetration data were obtained with the  
1/30-scale model supported with a s ide s t r u t .  
side s t ru t  attached i s  shown in  f igure l ( b ) .  
during the  wake flow studies .  

A sketch of the model with the  
This strut configuration was used 

Water w a s  supplied t o  the  models by means of passages d r i l l e d  i n  the  sup- 
ports .  
couple as indicated in  f igure l (a )  . The temperature of the water inside the  model was measured by a thermo- 

A sketch of t h e  inject ion nozzles i s  shown i n  f igure  2. Both extended and 
f lush nozzles were used i n  the  investigation. The L/do r a t i o  fo r  a l l  the 
nozzles was no l e s s  than 3 t o  minimize any ef fec t  of l i q u l d  j e t  area contrac- 
t ion .  
model surface and was al ined f o r  forward in jec t ion  i n  a meridian plane of the  
model on the windward side.  

The axis of the e x i t  passage of the nozzles w a s  inclined a t  20° from the  

Each nozzle w a s  machined t o  provide metal-to-metal 
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contact a t  the bottom of the hole w i t h  the  correct forward alinement. This 
metal-to-metal contact was the  only sea l  against water leaks; however, no leaks 
were observed during the course of the t e s t  program. 

Water Supply System 

A schematic diagram of the water supply system i s  shown i n  figure 3. The 
water supply tank w a s  pressurized with nitrogen gas bo t t l e s  which were attached 
t o  a common manifold. The inject ion pressure, as indicated by the gage j u s t  
downstream of the f i l t e r ,  w a s  varied from 14.7 ps ia  (1 atmosphere) up t o  about 
500 ps ia  ( ~ 3 4  atmospheres). 

V i s u a l  Observation Equipment 

The equipment used f o r  observation of the l i qu id  spray w a s  similar t o  t h a t  
A sketch of the  equipment showing the approximate locations of 

The max imum penetration and l a t e r a l  d i s t r i -  

The beam could be rotated t o  i l l u m i -  

of reference 6. 
the l i g h t  source and camera with respect t o  the models, as positioned i n  the 
wind tunnel, i s  shown i n  figure 4. 
bution of the l iqu id  spray were observed by means of a narrow l i g h t  beam which 
originated at the l i g h t  source indicated. 
nate any section of the spray mixing region. The viewing angles of t he  camera 
with respect t o  the plane of the l i g h t  beam were roughly 30' and 4 6 O ,  as indi-  
cated i n  t h e  f igure  f o r  the rear-sting and s ide-s t rut  supported models, respec- 
t ive ly .  
shapes of the spray region t o  be studied. 
era, operated at 10 frames per second, was used i n  the  present t e s t s .  The 
schlieren system has been described in  reference 6. 
4 microseconds spark exposure w i t h  a > - inch (13.97 cm) camera. 

These viewing angles were used t o  allow the l a t e r a l  cross-sectional 
A 35-millimeter motion-picture cam- 

Photographs were taken at 
1 
2 

Accuracy of Instrumentation 

The model surface pressures were measured with transducers tha t  were gen- 
e r a l l y  accurate t o  within 2 percent of fu l l - sca le  deflection. 
pressures varied from about 0.1 ps ia  (689.5 N/m2) t o  5 ps ia  (34  475 N/m2) 
depending on tunnel stagnation pressure and the o r i f i ce  location on the model. 
Transducers were avai lable  with ful l -scale  ranges of 1, 2, and 5 ps ia  (6895, 
13 790, and 34 475 N/m2); thus, by matching the transducer range t o  the expected 
pressure, the  e r ro r  could generally be held t o  l e s s  than 5 percent. 
fo r  some of t he  smallest measured pressures, errors  of 20 percent were possible.  
The model pressures were recorded on a 5O-channel oscillograph. 

The measured 

However, 

The water pressure and tunnel stagnation pressure were measured with 
Bourdon d i a l  gages tha t  were accurate t o  within about 1/2 p s i  (3447.5 N/m2). 
These gage pressures were recorded with a 9-inch (22.66 cm) camera. 
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TEST PROCEDURES AND DATA E D U C T I O N  

Spray Penetration 

A typ ica l  test  procedure was as follows: The supply tank w a s  f i l l e d  with 
water and pressurized t o  the desired l eve l .  The tunnel air  flow was s t a r t e d  
and the  model was then injected in to  the  airstream by a movable support mecha- 
nism actuated by air cylinders.  
solenoid-actuated water valve w a s  opened. 
w a s  established, the camera and recording instruments were turned on. A t yp ica l  
run duration w a s  about 40 seconds. 

A s  the model w a s  moving in to  the  tunnel, the 
After a time-steady spray pa t te rn  

During the  run the  l i g h t  beam w a s  moved fore  and aft  along the model flow 
f i e l d  and the  l i g h t  re f lec ted  by the water spray w a s  recorded by the  motion- 
p ic ture  camera. The m a x i m u m  spray penetration normal t o  the free-stream flow 
direct ion and the  maximum upstream penetration were read d i r e c t l y  from projec- 
t i o n s  of the fi lm. 

The maximum spray penetration w a s  found t o  depend on t h e  water flow rate 
& and the  l i qu id  veloci ty  V2 at t h e  e x i t  of the  nozzles. The nozzles and 
associated plumbing, as used Fn t h e  tests, were ca l ibra ted  t o  obtain & as a 
function of the  pressure drop from the  in j ec t ion  pressure, as indicated by the 
gage jus t  downstream of  the f i l t e r  ( f ig .  3), t o  the back pressure at  t h e  nozzle 
e x i t .  Individual ca l ibra t ion  of t he  nozzles as i n s t a l l e d  w a s  necessary because 
of t h e  complexity of t he  nozzle flow passages and other  plumbing. 
water velocity V2 
then computed from the formula 

The e x i t  
as used i n  t h e  cor re la t ions  of t he  spray penetration w a s  

Model Pressures 

As mentioned previously, a l l  pressure data were obtained with t h e  model at 
an angle of a t t ack  of l?', and with the  in jec t ion  nozzles on t h e  windward ray.  
Also, pressure data were obtained only with t h e  sting-supported model. 
f i g .  l ( a ) . )  Surface pressure data were obtained along t h e  windward ray  over a 
range of tunnel stagnation pressures from 300 t o  2500 p s i a  ( 2  068 500 t o  
17 237 500 N/m2) and water tank pressures from atmospheric t o  500 ps ia  
( 3  447 500 N/m2). from the  windward 
ray  were obtained by r o l l i n g  t h e  model t h i s  amount and always using the  in jec-  
t i o n  s i t e  t h a t  w a s  on the windward ray. These da ta  were obtained only f o r  t h e  
condition of 600 p s i  (4  137 000 N/m2) f o r  t he  tunnel  stagnation pressure and 
500 p s i  (3  447 500 N/m2) f o r  the  water tank pressure.  For reference purposes, 
data  were a l so  obtained with no in j ec t ion  f o r  the  same tunnel  conditions a t  the 
windward ray  and at 600 p s i  (4  137 000 N/m2) fo r  20°, 40°, and 60' from the  
windward ray. 

(See 

Data a t  values of 6 = 20°, 40°, and 600 

8 - 
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RESULTS AND DISCUSSION 

Spray Distribution and Penetration 

An indication of the magnitude of flow-field disturbances due t o  l iqu id  
inject ion can be obtained from schlieren photographs. 
spray as illuminated by the  narrow l i g h t  beam provided quant i ta t ive data on the  
maximum cross-current and forward penetration, and a l so  provided an indication 
of the lateral d is t r ibu t ion  of the spray. 
cross-sectional shape of the  spray area i s  available a t  each s t a t ion  because of 
the viewing angles of the camera with respect t o  the  plane of the narrow l i g h t  
beam. 
f igure 4. 

Photographs of the l i qu id  

I n  general, an oblique view of the  

These viewing angles can be obtained from the  sketch and data of 

Visual data for  sting-supported models.- A t yp ica l  s e t  of photographs 
i l l u s t r a t i n g  the  d is t r ibu t ion  and penetration of the l i qu id  spray and the corre- 
sponding flow f i e l d  as indicated by the  schlieren photographs are shown i n  f ig-  
ures 5 and 6 f o r  the  l / 3 O -  and 1/60-scale models with the  rear s t ing  support. 
Results are given f o r  a range of r e l a t ive  water inject ion r a t e s  from 7 = 0.015 

figure 6(b) .  In  these f igures  the  upper photograph is  the schlieren of t he  
flow f i e l d .  The l iqu id  je t  and some of the spray can be seen i n  these schlieren 
photographs. The lower l e f t  photograph shows the l i qu id  spray as illuminated 
at a downstream s t a t i o n  near the end of the model where on the ac tua l  vehicle 
the  VHF antenna i s  located. The lower right photograph shows the  spray ahead 
of the  in jec t ion  s i t e  i n  the v i c in i ty  of t he  maximum forward penetration. 

' t o  0.29. Flush nozzles were used i n  a l l  the  data of f igures  5 and 6, except 

Figure 5(a) i s  typ ica l  of "underpenetration" conditions; t ha t  is, the 
l i qu id  spray penetrates only a r e l a t ive ly  small distance i n t o  the shock layer .  
Figure 5(b)  i l l u s t r a t e s  the penetration and spray d is t r ibu t ion  t h a t  would occur 
for  near-optimum o r  "design" conditions i n  tha t  most of the shock layer  i s  pene- 
t r a t e d  by spray. The disturbance t o  the bow shock is  s t i l l  s m a l l  f o r  t h i s  case 
as can be seen by comparison of the schlieren with t h a t  of figure 5(a). 
ha l f - e l l i p t i ca l  shape of the spray cross section and t h e  concentration of spray 
near the  body at the  downstream s t a t ion  are typical  f o r  design conditions. 
Figure 5 (c )  shows an overpenetration case where the  spray penetrates beyond the 
bow shock. It i s  of i n t e re s t  t o  note tha t  f o r  t h i s  case most of the  spray is  
apparently concentrated i n  a region well away from the body at  the  downstream 
s t a t ion .  This same e f fec t  has been noted i n  reference 6. 

The 

Figures 6(a) and 6(b)  a re  typ ica l  of underpenetration and design penetra- 
t i o n  conditions, respectively, for  the 1/60-scale model. An extended nozzle 
w a s  used f o r  t h e  run shown i n  f igure 6(b).  
indicates  t h a t  fo r  s imilar  values of the injection parameters, V, 8, and M, 
t he  penetration i n  these t e s t s  may be roughly scaled as the  body s ize  and t h a t  
t h e  extended nozzle has l i t t l e  apparent effect  on spray dis t r ibut ion.  

Comparison of f igures  6(b)  and 5(b)  - 

Visual data  f o r  strut-supported model.- Since the VHF antenna i s  located 
on the  a f t  end of the Gemini reentry vehicle in  a separated flow region 
(paper 22 of r e f .  8), some data on the spray d is t r ibu t ion  i n  t h i s  region are  
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desirable. 
on cond;ltions i n  the separated flow region. 

These data would assist i n  evaluating the  e f f ec t  of water in jec t ion  

The strut-supported model was used t o  obtain these data and typ ica l  r e su l t s  
for  a = 15' a r e  shown i n  f igure 7. 
"s l ice"  of the spray at  three a x i a l  s ta t ions  of approximately x/D = 0, 1, and 
1.35. 
ward streamline, and f o r  figure 7(b)  the nozzle was located at @ = 20' from 
the windward streamline. The in jec t ion  nozzles on the Gemini Titan 3 vehicle 
were located at 

The l i g h t  beam was used t o  illuminate a 

The data of f igure 7(a) are f o r  t he  in jec t ion  nozzle located on the wind- 

(d = 30°. 

As would be expected, because of the streamwise momentum of the droplets, 
the photographs of f igure 7 indicate  tha t  l i t t l e ,  i f  any, spray penetrates i n to  
the separated region. Comparison of figures 7(a) and 7(b)  shows tha t  the pene- 
t r a t ion  and d is t r ibu t ion  of the spray a re  s i m i l a r  f o r  in jec t ion  i n  the windward 
plane (@ = Oo)  and off  the windward plane ((d = 20°). 

The cross-sectional shape of the water spray area can be constructed from 
these figures with the a id  of the camera viewing angles as obtained from f i g -  
ure 4. Typical r e su l t s  at x/D = 1.0 and 1.35 a re  shown i n  f igure 8. The 
elongated lobes of spray tha t  form on e i the r  side of the separated region are  
caused by the cross-flow velocity components i n  the flow f i e l d .  
increase i n  peripheral  area of the separated region t h a t  i s  bordered by the 
water spray would tend t o  increase the cooling e f f ec t  of in jec t ion  since t h i s  
cooling e f f ec t  depends on viscous mixing or  diffusion processes t h a t  occur 
along the boundary of the separated region. 

The resu l t ing  

Maximum cross-current penetration.- Shown i n  f igures  g(a)  and g(b)  a re  the  
correlation p lo t s  of the maximum cross-current penetration ymax a t  the 
x/D stat ions of 0 and 1.0, respectively.  The correlat ion parameter M* i n  
these plots  was obtained by a procedure similar t o  t h a t  described i n  refer-  
ence 6. The x and y lengths used i n  these correlat ions are  measured with 
reference t o  Cartesian coordinates i n  the  plane of symmetry (p i tch  plane) with 
t h e i r  origin a t  the e x i t  of the in jec t ion  nozzles. The X - a x i s  i s  p a r a l l e l  t o  
the free-stream flow direction. The s t a t ion  x/D = 0 i s  thus at  the inject ion 
s i t e  and x/D = 1 
i s  located. The ym i s  the y-coordinate of the spray "edge" as determined 
from spray photographs l i k e  those of figures 5 and 6. 

i s  near the af t  end of t he  vehicle where the VHF stub antenna 

To provide an indication of the  accuracy of t he  correlation, a l l  data  f o r  
the l / 3 O -  and 1/6O-scale models and both f lush  and extended nozzles have been 
shown ( f ig .  9 ) .  
t o  indicate an apparent change i n  the var ia t ion of penetration with the corre- 
l a t i n g  parameter t ha t  occurs when the  spray reaches or  exceeds the undisturbed 
shock location. For x/D = 0 and 1.0 ( f ig s .  g(a)  and g(b) ) ,  the  shock i s  
located at  y/D = 0.59 and 0.94, respectively.  For values of y/D greater  
than these values, the  data appear t o  be correlated by l i n e s  of smaller slope. 
The data a l so  exhibit  l a rger  s c a t t e r  i n  t h i s  outer region. The increased scat-  
t e r  f o r  penetration beyond the shock may be a t t r i bu ted  p a r t l y  t o  the increased 
unsteadiness of the flow, and pa r t ly  t o  the p o s s i b i l i t y  t h a t  the correlat ing 
parameter i s  not the bes t  one t o  use f o r  t h i s  region. 

Two l i nes  of d i f fe ren t  slope have been f a i r ed  through the data 
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The equations fo r  the  l i n e s  shown i n  the p lo ts  a r e  as follows: For 

x/D = 0 ( f ig .  9 ( 4 L  

For x/D = 1.0 ( f i g .  g (b ) ) ,  

0.706 - -  ' m a ~  - 8.19(M*) 
D 

0.334 - -  'ma - 2.07(~*)  
D 

~ m a x  0.706 - = 12.17(@) 
D 

(y/D 5 0.60) (1) 

(Y/D 5 0.94) ( 3 )  

(Y/D 2 0.94) (4)  
1 

It i s  of i n t e re s t  t o  compare these resGts with a correlat ion t h a t  w a s  
derived f o r  water inject ion from a Mercury model i n  reference 6. 
pose of t h i s  comparison, equation (3) i s  writ ten i n  the  form 

For the pur- 

- -  
D 

The corresponding form from reference 6 f o r  
of the present paper i s  

x/D = 1.0 wri t ten i n  the notation 

Ymax -0.34 - = 2.2w 
D 

Typical values of VI and V, for  t he  Gemini f l i g h t  experiment would be 
100 f t / s ec  (30.48 m / s )  and 24 000 f t / sec  (7313.2 m / s ) ,  respectively.  
these values i n  the former equation r e su l t s  i n  values of penetration t h a t  a re  
about one-half the  values given by the l a t t e r  equation from reference 6. The 
smaller penetration predicted by the present r e s u l t s  i s  presumably due mainly 
t o  the  smaller in jec t ion  angle which w a s  25' with respect t o  the free-stream 
flow d i rec t ion  as compared with 65' i n  the Mercury t e s t s  of reference 6. 

Inser t ing 

Maximum upstream penetration.- The maximum upstream penetration of the  
spray i s  correlated i n  f igure 10 i n  the form of - +/D as a function of E. 
This parameter M 
nozzle e x i t  t o  the momentum f lux  of the f ree  stream i n  a stream tube of 
diameter D. 

i s  the r a t i o  of the momentum f lux  of the l iqu id  jet  at  the 
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Two l i n e s  of d i f f e ren t  slope have been used also t o  represent penetration 
If the  center-l ine axis of 

- - = 0.53 as 
within the  undisturbed shock and beyond the  shock. 
t he  l iqu id  j e t  i s  extended forward, it in t e r sec t s  the shock at 

indicated i n  the  figure.  The resu l t ing  equations a re  

X 
D 

and 

-0.29 
c-- xmax - 2.5I-M 

D 

(- If.< D =  0.53) ( 5 )  

(- $ 2 0.53) (6) 

Comparison of these equations with the  corresponding expression of reference 6 
f o r  upstream in jec t ion  from the  stagnation point of a sphere-cylinder indicates  
t h a t  t h i s  same momentum parameter correlated those data which were f o r  l i qu id  
nitrogen inject ion.  

Effect of multiple in jec t ion  nozzles.- All data i n  t h i s  report  f o r  injec-  
t i o n  from the  Gemini models a r e  f o r  in jec t ion  with a single o r i f i ce .  For given 
stream conditions and in jec t ion  direction, the penetrat ion i s  control led by the  
nozzle o r i f i c e  diameter and the  l i qu id  veloci ty  at  t h e  nozzle e x i t .  If insuf- 
f i c i e n t  mass flow i s  obtained with a single nozzle of the correct  diameter for  
penetration, it becomes necessary t o  use more than one o r  several  nozzles which 
would be grouped close together.  
mutual interact ion between t h e  l i q u i d  jets w i l l  have on spray penetration and 
dis t r ibut ion.  

The question then arises as t o  what e f f ec t  the 

Results from a series of tests using up t o  three  nozzles spaced a d is -  
tance do apart  a re  given i n  the appendix. These nozzles were mounted i n  the  
f l o o r  of the  Mach 8 tunnel ( the  same f a c i l i t y  used i n  t h e  present model t es t s )  
and were a l ined  t o  give forward in jec t ion  at an angle of 20' t o  the stream. 
The cross-current penetration of the spray in to  t h e  tunnel  flow w a s  correlated 
i n  terms of the  o r i f i c e  diameter, the  free-stream density,  and the  w a t e r  e x i t  
velocity. Comparison of t h i s  correlat ion with a corresponding form of the  
correlat ion derived f o r  t he  Gemini scale  models indicates  t h a t  t h e  cross-stream 
penetration i s  not a f fec ted  by the  number of jets.  (See appendix.) Therefore, 
when the present results f o r  cross-current penetrat ion on t h e  Gemini models are 
applied t o  a mult iple-or i f ice  array, t he  o r i f i c e  diameter fac tors  must be i n t e r  
preted as t h e  diameter of a s ingle  o r i f i c e  i n  the a r ray  rather than any equiva- 
l e n t  mass flow or hydraulic diameter. 

Effect of Inject ion on Flow Fie ld  and Surface Pressures 

Flow-field disturbances.- It has been shown previously t h a t  f o r  large 

(See f i g .  5 ( c ) . )  
values of the correlat ing parameter, the bow shock i s  penetrated by the  l i qu id  
j e t  and modified considerably. The flow-field pressures and 
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veloc i t ies  would then be modified a l s o  f o r  t h i s  overpenetration condition. 
When the  l i qu id  j e t  and spray do not penetrate t he  bow shock, sane flow-field 
disturbances can s t i l l  be expected because of t h e  presence of the j e t  which may 
not be broken up in to  a spray fo r  some distance from t h e  nozzle e x i t .  

In  figure 11, schl ieren photographs of the flow f i e l d  with in jec t ion  and 
with no in jec t ion  are shown. 
flow rate resu l t ing  i n  and comparison with the  no-injection case 
( f i g .  l l ( b ) )  indicates  t h a t  the bow shock has not been disturbed appreciably. 
Examination of t he  region between the  l i q u i d  j e t  and the  model surface i n  f i g -  
ure l l ( a )  indicates  t he  presence of an oblique shock which appears t o  or ig ina te  
i n  the  breakup region of the  j e t .  Evidently, t h e  l i qu id  j e t  causes a dis turb-  
ance i n  much the  same manner as a so l id  rod of t h e  diameter and length of t he  
l i qu id  j e t .  The flow approaching the  je t  i s  thus turned ( u n t i l  i s  i s  approxi- 
mately p a r a l l e l  t o  t he  j e t )  by the  shock or iginat ing i n  the breakup region. 
This shock in t e rac t s  with the body boundary layer and i s  re f lec ted  back away 
from the  surface.  For 
c la r i ty ,  these features of t he  flow a r e  ident i f ied  i n  the  schematic sketch of 
figure ~ ( c ) .  

The in jec t ion  case ( f i g .  l l ( a ) )  i s  f o r  a moderate 
E = 0.00162 

The re f lec ted  shock can also be seen i n  figure l l ( a ) .  

1 Streamwise pressure dis t r ibut ion.-  The shock system described i n  the  pre- 

The extent  of t h e  pressure increase would be expected t o  depend p r i -  
One of these vari’ables i s  the location of the l i qu id  

vious paragraphs causes an increase in  pressure on the  conical port ion of t he  
vehicle. 
marily on two variables.  
j e t  breakup region which should vary i n  proportion t o  t h e  forward spray pene- 
t r a t ion .  The other  variable is  the  Reynolds number because of t he  viscous 
in te rac t ion  phenomenon t h a t  occurs where t h e  shock impinges on t h e  body bound- 
ary layer .  

Pressures were measured along the  windward ray over a range of stream 
Reynolds numbers and water flow rates. 
sented i n  f igure  12 f o r  the  1/60-scale model a t  
t h e  1/30-scale model a t  values of 
shown i n  f igure  13. 
t o  the  computed stagnation point pressure i s  p lo t t ed  against  the momentum param- 
eter E. 
of the  pressure disturbance should depend on the  forward spray penetration 
which i n  tu rn  depends on the  momentum parameter as shown in  figure 10. 
data  points  shown at  the  extreme l e f t  of these f igures  are f o r  zero water 
in jec t ion .  

Results of these measurements are pre- 
R m , ~  = 3.6 X 105. 

from 4.18 x 105 t o  23.5 x lo3 a re  
Data from 

In these figures,  t h e  r a t i o  of the  l o c a l  measured pressure 

This parameter i s  used because, as mentioned previously, t he  extent 

The 

A t  t he  lowest Reynolds number ( f ig .  12),  t h e  ressure r a t i o  a t  t he  most for -  
E = 7 x 10- . 1 ward o r i f i c e  a shows some increase a t  For t he  next two values of 

Reynolds number ( f ig s .  l3(a) and l 3 ( b ) ) t h e  pressure r a t i o  a t  o r i f i c e  a tends t o  
increase a t  about 
and l3 (d ) )  t he re  i s  no change i n  pressure r a t io  a t  t h i s  o r i f i ce .  

3 = 10-3 and at t h e  highest Reynolds numbers ( f i g s .  13(c)  

A t  o r i f i c e  b which i s  j u s t  upstream of the in jec t ion  s i te  t h e  pressure 
increased markedly, t h e  increase beginning somewhere i n  the  range 
3 X < R < 7 x For > 10-3, the pressure r a t i o  a t  o r i f i c e  b 
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f o r  a l l  Reynolds numbers of these t e s t s  have increased approximately by a fac- 
t o r  of 4, from an average of 0.045 f o r  zero inject ion t o  0.18 f o r  large injec- 
t i o n .  A t  three of t he  tes t  Reynolds numbers ( f ig s .  12, l3 (b) ,  and 13(c)) ,  t h e  
pressure increase apparently occurs i n  two s teps ,  with an intermediate l e v e l  
of roughly 0.08, o r  almost double t h e  zero in jec t ion  leve l .  

For increased c l a r i t y  a l l  t he  data  from o r i f i c e  b only are replot ted i n  
f igure 14. The two-step nature of the pressure increase i s  c l ea r ly  evident i n  
t h i s  figure. The increase i n  pressure t o  the intermediate l e v e l  may be associ-  
a t ed  with the interact ion between the laminar boundary layer  on the  model and 
the impinging shock. A pressure increase l i k e  t h i s  increase occurs i n  the sep- 
arat ion region ahead of a shock t h a t  impinges on a f l a t -p l a t e  laminar boundary 
layer  ( r e f .  11). In the  present s i tua t ion ,  a reasonable hypothesis i s  t h a t  t h e  
impinging shock would move forward as increases and the  j e t  penetrates far- 
t h e r  upstream. The data  show t h a t  as increases t o  about 10-3, the  peak 
pressure occurs. 
impingement region ahead of t he  o r i f i c e  s t a t ion .  
by using two-dimensional oblique shock theory and assuming t h a t  t h e  flow orig- 
i n a l l y  p a r a l l e l  t o  the surface i s  deflected 20' by the incident shock toward 
the  surface and then def lected back p a r a l l e l  t o  the  surface by the  re f lec ted  
shock ( f ig .  11). 
i n  figure 14  as re f lec ted  shock pressure. 
value and the  measured pressures indicates  t h a t  t h e  hypothesis i s  correct .  The 
f ac t  that  the peak measured pressures are below the  computed value as wel l  as the  
lack of any consis tent  trends with Reynolds number (as occurs on a f l a t  p l a t e )  
may be due t o  the three-dimensional character  of t he  disturbance. For values 
of 
f i g .  10) and the  measured pressures i n  f igure  14  tend t o  decrease. 

R 

This peak would then correspond t o  the  movement of the  
This hypothesis was  checked 

The resu l t ing  computed pressure r a t i o  w a s  0.27 which i s  labeled 
The general agreement between t h i s  

> 2 x 10-3, the  spray has penetrated t o  the  v i c i n i t y  of t h e  bow shock (see 

By reference t o  f igures  12 and 13 and o r i f i c e  s t a t ions  c, d, and e, it i s  
seen that  t he  pressure r a t i o s  at these s t a t ions  usual ly  tend t o  decrease with 
increasing 
pressure r a t i o  is the  l a rges t  at  s t a t i o n  d on the  cy l ind r i ca l  port ion of the  
body where the  no-injection pressure r a t i o  i s  about twice as large as t h a t  a t  
the  other s ta t ions .  This no-injection pressure r a t i o  on the cylinder would be 
l a rge r  than the  values on the  cone because of the 20' compression at t h e  cone- 
cylinder juncture. In  fac t ,  t h i s  pressure computed by assuming a two- 
dimensional 20' compression would be 0.19 which i s  somewhat higher than the  
measured pressure. The r e l a t i v e l y  large decreases i n  pressure r a t i o  from t h i s  
value f o r  even the smallest in jec t ion  rates are probably caused by a separated 
region downstream of the  l i q u i d  je t .  

(except o r i f i c e  c i n  f i g s .  12 and l3 (b ) ) .  This decrease i n  

Comparison of the present pressure data with t h a t  of reference 6 f o r  water 
inject ion on t h e  Mercury model shows an e f f e c t  which may have implications 
regarding the e f f ec t  of i n j ec t ion  on vehicle  s t a b i l i t y .  
were a l l  obtained f o r  zero angle of a t t ack  and show t h a t  downstream of t h e  
inject ion s i t e ,  there i s  generally an increase i n  pressure with increasing 
inject ion rates, pa r t i cu la r ly  on t h e  cy l ind r i ca l  port ion of t h e  model. 
increases i n  pressure would cause a pitch-down or pos i t ive  moment. The present 
data at  a = 15' show a decrease i n  pressure on t h e  cy l ind r i ca l  and aft  port ion 
of t h e  model due t o  in jec t ion  and thus result i n  a pitch-up or negative moment. 

The data  of reference 6 

These 
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If these moments a re  la rge  enough compared with those f o r  no inject ion,  they 
could r e s u l t  i n  an unstable moment var ia t ion w i t h  angle of a t tack .  
course, t h i s  e f f ec t  m u s t  be considered s t r i c t l y  speculative because of t he  d i f -  
fe ren t  in jec t ion  angle and location of the  inject ion s i te  i n  the  Mercury tests.  
The e f fec ts  of the  present pressure disturbances on vehicle moments a re  d is -  
cussed i n  a subsequent section. 

A s  yet,  of 

Lateral  pressure dis t r ibut ion.-  The e f fec t  of in jec t ion  on the  lateral  
pressure d i s t r ibu t ion  i s  shown i n  f igure 15 where the r a t i o  of the l o c a l  pres- 
sure at 
i s  p lo t ted  against  the # angle from the  windward ray. These data  were 
obtained with the  1/30-scale model a t  
The f lush  nozzle of 0.02-inch (0.051 cm) diameter w a s  mounted on the  windward 
ray. 

@ = Oo, 20°, 40°, and 60' t o  the pressure f o r  no in jec t ion  at @ = 0' 

= 2.55 X 10-3. &,D = 7.15 X lo5 and 

The same general trends are noted as occurred on the  w i n d w a r d  ray. The 
The la rge  pressures at s t a t ions  a and c are not affected much by in jec t ion .  

increase i n  pressure at s t a t ion  b due t o  in jec t ion  extends around the  model t o  
about 40° from the  windward ray. 
decreased by in jec t ion  and the e f f ec t  extends t o  

A t  s ta t ions  d and e the  pressures a r e  
@ = 60° and 40°, respectively.  

Effect  of Inject ion on Temperature i n  Separated Flow 

Because of the locat ion of the VHF antenna on the  base of t he  Gemini reentry 
vehicle, radio transmission a t  t h i s  frequency would depend, t o  some extent, on 
the electron concentration i n  the  separated f low region. 
ionic species i n  t h i s  region are presumably in  equilibrium because of the long 
dwell times, the electron concentration there  depends only on the  near wake 
enthalpy and pressure. 
c a t e  t h a t  f o r  no water inject ion,  t he  r a t i o  of the near wake enthalpy t o  the 
stream stagnation value w a s  approximately 0.7 on the Mercury vehicles.  With 
water in jec t ion  t h i s  r a t i o  should be reduced, and thereby result i n  a corre- 
sponding reduction in electron concentration. 

Since t h e  chemical and 

Calculations made by Huber (paper 21 of ref. 8) indi-  

In  order t o  determine an upper l i m i t  t o  the  amount of near wake cooling 
caused by water inject ion,  temperatures i n  the near wake of t h e  3-inch-diameter 
(7.62 cm) s ide-s t ru t  model were measured w i t h  and without water in jec t ion .  The 
r e s u l t s  of these measurements a re  shown i n  figure 16 as r a t i o s  of t h e  wake t e m -  
perature t o  the  stream stagnation temperature. 
couple and the  tunnel  conditions f o r  the  tests are given i n  the  f igure.  
i s  seen t h a t  f o r  t h e  l a rge r  u n i t  Reynolds numbers ( o r  tunnel  dens i t ies}  
water in jec t ion  reduced the  wake temperatures considerably. It should a lso be 
noted t h a t  far zero in jec t ion  t h e  wake temperature decreased with decreasing 
u n i t  Reynolds number and w a s  sensi t ive t o  the thermocouple location. Although 
these r e s u l t s  cannot be applied quant i ta t ively t o  the  Gemini Ti tan 3 f l i gh t ,  
it i s  c l ea r  t h a t  the  measured temperature r a t i o  i n  the  wind-tunnel tes ts  would 
represent an upper l i m i t  of the corresponding enthalpy r a t i o  i n  f l i g h t .  Three 
fac tors  which would contribute t o  a l a rge r  cooling e f f ec t  i n  f l ight are: 
(1) more of t he  in jec ted  water would evaporate; (2 )  some of the water vapor 
would dissociate;  and (3) the w a l l  enthalpy r a t i o  would be smaller. 

The locat ion of t h e  thermo- 
It 

Some 
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possible implications of the  wind-tunnel t e s t  r e su l t s  regarding the  GT-3 exper- 
iment are discussed i n  paper 23 of reference 8. 

APPLICATION OF RESULTS TO REENTRY COMMUNICATION EXPERI"T 

The Gemini reentry communication experiment w a s  ca r r ied  out during the  
Gemini Titan-3 mission. 
erence 8, and a preliminary analysis  of the  e f f ec t  of water in jec t ion  on elec- 
t ron  concentrations i s  given i n  paper 23 of reference 8. 
of the experiment were t o  t es t  the effect iveness  of water addition f o r  the 
a l lev ia t ion  of radio blackout on l a rge  blunt  vehicles and t o  determine the  min- 
i m u m  f low r a t e s  required f o r  s igna l  recovery. The experiment showed t h a t  water 
inject ion a l lev ia ted  blackout, although, because of nonoptimum conditions, min- 
i m u m  f low rates were not determined. 

Details of the r e s u l t s  are given in  paper 22 of ref- 

The main objectives 

Flight t r a j ec to ry  parameters f o r  the  GT-3 reentry are shown i n  f igure  17. 
The The a l t i t ude  and velocity var ia t ions with t i m e  are shown i n  f igure l 7 ( a ) .  

nominal blackout period f o r  VHF extended from an a l t i t u d e  of about 318 000 f e e t  
(96 926.4 m )  down t o  an a l t i t u d e  of 134 900 f e e t  (41  117.5 m )  and l a s t e d  approx- 
imately 5 minutes. 
(8311.9 m )  and w a s  continued down t o  about 160 000 f e e t  (4876.8 m )  . 
w a s  injected i n  short  bursts  of 0.1- t o  0.5-second duration at in t e rva l s  of 
approximately every 5 seconds. 

Intermit tent  water in jec t ion  w a s  i n i t i a t e d  a t  272 270 f e e t  
The water 

Figure l7 (b )  shows the  var ia t ion  of t he  stream Reynolds number based on 
diameter of the vehicle.  
increases from about 2 x lo4 t o  8 x 105. 
i n  t he  present wind-tunnel tests where surface pressures were measured w a s  
3.6 X lo5 5 %,D 5 2.5 x 10 6 . 

During t h e  water-injection period the value of 
The range of Reynolds numbers covered 

Design Estimates of Water Flow Rates 

Estimates of t h e  possible range of water flow rates t o  be used i n  t h e  
design of t h e  in jec t ion  system were i n i t i a l l y  obtained by assuming the  idea l  
conditions of equilibrium chemistry and complete evaporation of t he  water i n  
the distance f romthe  in jec t ion  s i t e  t o  the  VHF antenna. With these assumptions, 
the  only mechanism f o r  e lectron removal would be equilibrium cooling. 
injected water flow ra t e s  required t o  give an e lec t ron  concentration of 
lo8 electrons per cm3 i n  a mixing region of specif ied s i z e  and pressure were 
then determined. The computer program of reference 12 was used t o  determine 
the  thermodynamic properties and the  species present i n  the  gas mixture after 
evaporation of the  water. These flow rates for  Ne = lo8 would then be t h e  
minimum amounts required under the aforementioned ideal conditions, since recov- 
ery of a VHF s igna l  would be obtained by reducing t o  approximately 109. 

The 
N e  

Ne 

The calculat ion for  Ne = lo8 w a s  ca r r i ed  out by conserving mass, momentum, 
and energy i n  a control  volume described i n  the sketch of figure 18. A l l  flow 
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conditions a t  
The mass flow 

the end s t a t ion  2 were assumed t o  be uniform i n  t h i s  calculat ion.  
of free-stream air  contained i n  the  mixing region w a s  computed 

from the  equation 

where Qr i s  the  distance from the aerodynamic stagnation point of t he  vehicle 
t o  the  streamline fo r  which j u s t  behind the  shock, equilibrium con- 
d i t i ons  across the  shock being assumed. The location of the aerodynamic stag- 
nation point w a s  based on the pressure d is t r ibu t ion  data of reference 13. The 
quant i ty  f i n  equation (7) i s  the f r ac t ion  of the  incoming air i n  the  stream- 
tube of radius Rcr t h a t  i s  cooled t o  the firm1 temperature T2 a t  the down- 
stream s t a t ion .  Values of f were based on the lateral extent of the spray as 
observed i n  the  wind-tunnel tests ( f ig s .  5 t o  8, f o r  example). 

Ne = lo9 

The bow shock shape required t o  determine 
shock shapes obtained a t  
and 15'. 
a t  an angle of a t t ack  of  0' and M, = 25 
tance fo r  t he  zero angle of a t tack  rl, = 8 case and the  M, = 25 case were 
p lo t t ed  against  the normal shock density r a t i o  a t  these two conditions. 
forebody the  shock stand-off distance A/D was measured normal t o  the  face of 
the  body, and on the afterbody noma1 t o  a streamwise ax is  Z which has i t s  
or ig in  at the  stagnation point.  S t ra ight  l ines  connecting points  at t h e  same 
z/D values were drawn and it w a s  then assumed t h a t  the slopes of these l i n e s  
were invariant  as the angle of a t tack  increased t o  l 5 O .  
a = 15' w e r e  used as reference points  and the shock stand-off distances a t  t he  
densi ty  r a t i o s  f o r  the  Gemini f l igh t  conditions were then obtained from l ines  
through these points  w i t h  these invariant  slopes. The result of t h i s  procedure 
i s  labeled i n  figure 18 as the  estimated shock shape a t  250 000 ft (76 200 m ) ,  
I& = 25. 
t i o n  point would give a value of  R,, = 46 inches at a = 15'. Because of the 
uncertainty i n  locat ing the real shock, the value of Rcr ac tua l ly  used in  the  
calculat ions w a s  52 inches (132.08 cm) which should be conservative. 

Rcr w a s  based on experimental 
= 8 f o r  t h i s  body shape at angles of a t t ack  of 0' 

Also used w a s  a computed shock shape f o r  a blunt vehicle of t h i s  type 
(ref .  14) .  The shock stand-off d i s -  

On the  

The Mach 8 data  at 

The d i r e c t  use of the  data  of reference 13 f o r  t he  aerodynamic stagna- 

The results of the  calculat ion with these assumed idea l  conditions are 

T2 F= 2 6 0 0 ~  K (=5500° F) and at  mass flow r a t i o s  Wcr t h a t  
The 

shown i n  figure 19. 
was obtained a t  
var ied from 0.3 at t h e  higher a l t i t udes  t o  0.7 at the  lower a l t i t udes .  
upper curve i s  f o r  the  fixed m a s s  flow r a t i o  
T2 18000 K ( ~ 4 0 7 0 ~  F) .  

The lower curve i s  f o r  Ne = lo8 electrons per  cm3 which - 

GCr = 3 which resul ted i n  

Application of t h i s  same computation procedure t o  t h e  RAM B2 f l i g h t  condi- 
T2 = 2200' K (4790' F) t i ons  ( ref .  7) indicated tha t  values of icr = 0.5 

correspond t o  t h e  minimum in jec t ion  r a t e s  used d s i n g  the  lower a l t i t u d e  portion 
of the  RAM B2 t es t .  

and 

A t  the highest  a l t i tudes ,  Wcr = 3 .0  would correspond t o  the  

u N ~ F I  E D 
17 



minimum in jec t ion  r a t e s  used fo r  tha t  port ion of t h e  flight. 
of VHF transmission w a s  always observed during t h i s  f l i g h t  even fo r  the minimum 
inject ion flow rates, it was believed t h a t  t he  values of icr and T2 as used 
i n  t h e  Gemini calculat ion would provide reasonable design estimates of t h e  range 
of flow r a t e s  required f o r  s igna l  recovery i n  the  Gemini experiment. 

Since recovery 

On t h e  basis of t he  upper and lower curves of figure 19, three in jec t ion  
These rates were nominally 

According t o  
flow rates  were chosen for the  Gemini experiment. 
0.3, 1.3, and 8.0 lb/sec (0.14 kg/s, 0.59 kg/s, and 3.63 kg/s). 
the  lower curve of f igure 19, these rates would not be e f fec t ive  below the  al t i-  
tudes of 253 000 f ee t ,  230 000 fee t ,  and 180 000 f e e t  (77 724 my 70 104 my and 
54 864 m ) ,  respectively.  

It i s  emphasized t h a t  the  calculat ions described i n  t h i s  sect ion do not i n  
any way represent an analysis of t h e  Gemini experiment. The calculat ions are 
included herein only t o  show how the  o r ig ina l  design estimates were obtained. 

Spray Penetration 

The maximum spray penetration a t  a given x s t a t ion  is  computed from 
equations (1) t o  (4)  and depends only on the shock locat ion and the param- 
eter M* which i s  

Hence, it can be seen t h a t  when the  free-stream density, free-stream velocity,  
and the  l i qu id  veloci ty  a t  the  nozzle e x i t  are known, an o r i f i c e  diameter can 
be determined t h a t  would result i n  sane desired penetration at a pa r t i cu la r  
a l t i t ude  and value of x/D. 
by using more than one nozzle w i t h  t h i s  value of 

The required t o t a l  mass flow could then be obtained 
%. 

The invest igat ion of reference 6 indicated t h a t  t he  vapor pressure of t he  
l i qu id  had some e f f ec t  on penetration f o r  s ide  (cross-current)  in jec t ion .  This 
e f f ec t  was accounted f o r  i n  the reference by including the r a t i o  of vapor pres- 
sure t o  loca l  flow-field pressure i n  t h e  cor re la t ion  parameters. 
pose of the present investigation, t h i s  pressure r a t i o  i s  taken as pv/pf 
where p f b o ’  = 0.05. In  the present tests pv/pf 
and no consistent e f fec t  of t h i s  pressure r a t i o  on penetration within the  
undisturbed flow f i e l d  could be detected. 
pressure r a t i o  would range from about 2 t o  50 during the  water in jec t ion  exper- 
iment. Since t h i s  range exceeds t h a t  of t h e  wind-tunnel tests,  it i s  possible 
t h a t  at the higher a l t i t udes  of t he  f l i g h t  test ,  t he  penetration predicted from 
equations (1) t o  (4)  would be i n  some e r r o r  on t h i s  account. 

For t h e  pur- 

varied from about 1.0 t o  10 

For Gemini f l i g h t  conditions, t h i s  

The desired or optimum penetration is taken as approximately 90 percent of 
the distance t o  the shock from the  X - a x i s  a t  both s t a t ions  
x/D = 0. 

x/D = 1 and 
This 90-percent f igure i s  based on flow-field calculat ions similar 
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t o  those of reference 14 which indicate  t h e  values of 
enough t o  in t e r f e re  with V" transmission at approximately 90 percent of t h e  
shock layer  thickness. 

Ne a r e  s t i l l  large 

The results of the  penetration calculations fo r  t h e  three  mass flow rates 
and o r i f i c e  diameters used a re  shown i n  figures 20(a) and 20(b) f o r  
and x/D = 1, respectively.  
f o r  a = l5O and go 
y/D a t  which equations (1) t o  (4)  w e r e  applied and the  corresponding constants 
t h a t  were used i n  the  equations are l isted i n  t he  f igure.  Note t h a t  f o r  equa- 
t i o n s  (2)  and (4)  t he  constants are different  from t h e  wind-tunnel correlat ion 
values, because of t h e  d i f f e ren t  shock locations. For a = 15' the  l imi t ing  

' values of y/D a re  based on shock stand-off distances obtained f o r  the  esti-  
mated shock of f igure  18. For a = 9' t he  l imit ing values of y/D were taken 
t o  be 24 percent greater  than the  values for  a = 15'. 
cent is based on t h e  corresponding increase in  shock-layer thickness observed 
on schl ieren photographs taken during the Mach 8 wind-tunnel tests.  
photographs showing the  undisturbed shock (no i n j ec t ion )  at  
are given i n  f igure  21. 
t o  the  free-stream flow direct ion.  1 
thickness f o r  a decrease i n  a 
same body reference l i n e  (such as t h e  body surface) at  both angles. 

x/D = 0 
The estimated locations of t he  undisturbed shock 

The l imi t ing  values of are a l s o  shown i n  these f igures .  

This increase of 24 per- 

These 
a = 150 and go 

The 24-percent increase i n  shock-layer 
from 15' t o  go i s  taken with respect t o  the  

(The horizontal  l ine  i n  these photographs i s  p a r a l l e l  

b 

The penetration f o r  t he  l a rges t  f l o w  r a t e  of 7.3 lb/sec (3.31 kg/sec) w a s  
computed by using 4 nozzles of o r i f i c e  diameter 
(See f i g .  20.) The optimum penetration would then be achieved at an a l t i t u d e  
of about 225 000 f e e t  (68 580 m )  f o r  
t r a t i o n  w i l l  be too large,  and w i l l  result in  ine f f i c i en t  use of the water. 
lower a l t i t udes ,  t he  penetration w i l l  be too small; thus, presumably an open 
s l o t  o r  "window" across t h e  e n t i r e  plasma, layer may not be achieved. 
general  remarks apply t o  the  other two flow rates of 1.48 lb/sec (0.671 kg/sec) 
and 0.30 lb/sec (0.136 kg/sec) f o r  which the optimum penetration a t  
would be a t ta ined  a t  a l t i t u d e s  of about 240 000 f e e t  (73 152 m) and 262 000 feet 
(79 857 d, respectively.  
w a s  used; thus, t he  optimum penetration could not be a t ta ined  at  any lower 
a l t i t u d e  with the  given values of 
a l t i t u d e s  f o r  optimum penetration as given above w a s  chosen p a r t l y  on the  basis 
of t h e  a t t i t u d e  of t he  spacecraft  during a nominal reentry and t h e  location and 
a v a i l a b i l i t y  of range receiving s ta t ions  during reentry.  

do = 0.221 in .  (0.56 cm). 

a = l 5 O .  A t  higher a l t i tudes ,  the  pene- 
A t  

The same 

a = 15' 

Note t h a t  f o r  these two flow rates ,  a s ingle  nozzle 

The range of V2, as shown i n  f igure  18. 

The values of V2, 
ca l ibra t ions  obtained with the  same hardware used i n  f l i g h t  with the  f i n a l  
values of d, and N as used f o r  each f low r a t e .  The f l i g h t  system (paper 22 
of ref. 8) used one supply tank pressurized t o  300 lb/ in2 (20 685 N/m2); the  
values of V2 are d i f f e ren t  mainly because of d i f f e ren t  losses  i n  the quick- 
opening solenoid valves. 

as used i n  t h e  calculation, are based on t o t a l  flow rate 

From t h i s  discussion, it can be seen tha t  f o r  a f ixed tank pressure and 
o r i f i c e  diameter 
r e s u l t  does not imply, however, t h a t  s ignal  recovery can be expected at  only 

do, the  optimum penetration occurs at j u s t  one a l t i t ude .  This 
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t h i s  one a l t i t ude .  For a l t i t u d e s  above optimum, overpenetration occurs 
( f ig .  20) and t o t a l  mass flow requirements within the shock layer  generally 
decrease ( f i g .  19); thus, f o r  these conditions some effectiveness could be 
expected provided t h a t  su f f i c i en t  water i s  deposited i n  the  plasma layer .  

The results of t he  GT-3 reentry communication experiment (paper 22 of 
ref.  8) showed t h a t  the  first three  la rge  flow rates of in jec ted  water gave 
s igna l  recovery on V". These observed s ignals  occurred at a l t i t udes  of about 
266 000 f e e t  (81 077 m ) ,  236 000 feet  (78 029 m ) ,  and 246 000 feet (74 981 m) 
which are indicated i n  figure 20. Since the  angle of a t t ack  during t h i s  port ion 
of the reentry w a s  approximately go, t he  upper curve would apply. According t o  
the predictions, then, t h e  penetration fo r  the  t h i r d  pulse would have been j u s t  
beyond t h e  undisturbed shock at  both 
large f low rate would have been w e l l  below the  locat ion of t he  undisturbed 
shock and as a r e su l t ,  marginal recovery would be expected. Since no recovery 
w a s  observed f o r  the fourth pulse, it may be concluded t h a t  t he  predicted values 
of penetration were real ized t o  a good degree of accuracy, although underpene- 
t r a t i o n  was probably not the only fac tor  causing t h e  lack  of recovery after and 
including the  fourth pulse. 

x/D = 0 and 1. The fourth pulse at the  

(See paper 23 of ref.  8. ) 

Effect of F in i t e  Evaporation on Flow Conditions and Equilibrium Ne 

The design estimates of water flow rates were based on the  assumptions of 
equilibrium chemistry, complete evaporation between t h e  in jec t ion  s i t e  and the 
downstream s ta t ion ,  and optimum locat ion of t he  spray i n  the  flow f i e l d .  The 
e f f ec t  of off-design spray penetration has been considered. 

The e f f ec t  of f i n i t e  evaporation rates, but with equilibrium chemistry 
s t i l l  assumed, w i l l  now be considered by means of a quasi-one-dimensional theory 
f o r  l iqu id  droplet  motion and evaporation. 
i n  reference 7. 

The theory i s  described i n  d e t a i l  

The assumption of equilibrium chemistry does not apply t o  neut ra l  and ionic  
reactions between pure air  species i n  t h e  afterbody flow at high a l t i t u d e s .  
(See paper 21 of r e f .  8.)  The same s i tua t ion  might be expected t o  p reva i l  when 
other species are present such as those contributed by water dissociat ion.  How- 
ever, when large amounts of l i q u i d  w a t e r  are injected,  t h e  flow ve loc i ty  i s  
reduced considerably and t h e  density is  increased; therefore,  some react ions may 
tend t o  approach equilibrium. It i s  a l so  possible  t h a t  t h e  water droplets  a c t  
as ca t a ly t i c  centers  f o r  atom recmbinat ion.  Therefore, the  assumption of 
equilibrium chemistry may be more applicable with water in jec t ion  than f o r  the 
case of no inject ion.  

The other assumptions used i n  the droplet  theory are t h a t  uniform s i z e  
droplets are formed near the  in jec t ion  s i t e  and the rea f t e r  t h e  cloud of drop- 
l e t s  i s  characterized by a mean droplet  s i z e  and a mean velocity.  The droplets  
are assumed t o  be uniformly d i s t r ibu ted  across any sect ion.  Also, t h e  drag 
coeff ic ient  and Nusselt number f o r  heat t r ans fe r  as appl ied t o  the droplets  i n  
the cloud are assumed t o  have the same values as those f o r  an i so la ted  droplet  
a t  the  loca l  conditions. The i n i t i a l  droplet  radius rl i s  computed with the  
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correlat ions of reference 13. These correlat ions are based on tests made at  
la rger  dens i t ies  and smaller ve loc i t ies  than in  the  present s i tuat ion;  however, 
it i s  believed the  resu l t ing  values for  
analysis of the RAM B2 heating data with water in jec t ion  ( r e f .  16). 

rl are r e a l i s t i c  on the  bas i s  of an 

The set of nonlinear equations resu l t ing  from t h i s  t heo re t i ca l  analysis  
have been programed f o r  solut ion on an automatic data processing machine. 
Results f o r  th ree  a l t i t udes  t h a t  correspond approximately t o  t h e  a l t i t u d e s  a t  
which the  optimum penetration should occur f o r  t h e  three flow rates (with 
a = l5O) are  shown i n  f igure  22. 
assumed t o  be constant i n  the  solutions,  i s  shgwn i n  the figures. Values of 
the r a t i o  of water flow rate t o  airflow rate 
constant i n  the  mixing region, and t h e  i n i t i a l  temperatures of the a i r s t r e 9  
ahead of the in jec t ion  s i t e  are a l so  shown in  the  f igure.  The values of We, 
were computed i n  the  same manner as f o r  figure 19 with the same values of f 
and %r. 
mixture temperature Tm, mixture veloci ty  V,,, , equilibrium electron concentra- 

t i o n  Ne, and mass f r ac t ion  of injected water s t i l l  i n  l i q u i d  form 
are shown i n  t h e  f igures .  
two d i f fe ren t  values have been used a t  each a l t i t ude .  
case w a s  obtained from reference 15 fo r  the  loca l  Gemini flow-field conditions 
and these r e s u l t s  are drawn as so l id  l i nes .  The other value used is  
rl = 6.6 x 10-5 feet 
a l l  neut ra l  species i n  the  mixture were obtained with the  computer program of 
reference 12. 
t i on  w a s  computed on t h e  basis  of t h e  ionic  reactions and the  corresponding 
concentration of t h e  neutrals .  
r ium mixture were NO+ and OH'. 

The mean f low f i e l d  pressure, which is  

Wcr which is  a l so  assumed t o  be 

The var ia t ions with distance downstream of the  in jec t ion  s i te  of t he  

= R3 

The l a rges t  value i n  each 
To i l l u s t r a t e  t he  e f f ec t  of i n i t i a l  droplet  radius 

o r  about 20 microns. The thermodynamic propert ies  and 

Since the  ions are s t i l l  t race species, t h e  electron concentra- 

The only ions of any importance i n  the  equilib- 

Figures 22(a), 22(b), and 22(c) represent conditions f o r  the  8.0 lb/sec 
(3 .63 kg/s), 1 . 3  lb/sec (0.59 kg/s), and 0.3 lb/sec (0.14 k g / s ) ,  respectively.  
In figure 22(a), the  electron concentration is  already reduced below t h e  c r i t i -  
c a l  value f o r  transmission (about 8 x 108) at 0.1 foot  (3.05 cm) downstream of 
in jec t ion  where about 10 percent of t h e  injected water is  evaporated. 
x = 8 feet (2.44 m),  
evaporated. 
f o r  the  large drop s i ze  reaches the  c r i t i c a l  value at  
and f o r  t h e  small drop s i z e  t he  c r i t i c a l  value of Ne 
0.4 foot  (12.2 cm) from inject ion.  
evaporated f o r  both i n i t i a l ' d r o p  sizes a t  these x-stations.  

A t  
Ne = 4 x 107 and more than 30 percent of t he  water i s  

Ne In f igure  22(b) ( 1 . 3  lb/sec case (0.59 kg/s)), the  value of 
x = 1.0 foot  (30.3 cm) 
i s  reached at about 

About 13 percent of the  in jec ted  water w a s  

Since it i s  the  amount of water evaporated at t h e  8-foot (2.44 m )  s t a t ion  
t h a t  contr ibutes  t o  t h e  homogeneous cooling, it i s  of i n t e r e s t  t o  compare these 
quant i t ies  with t h e  estimated flow-rate requirements i n  f igure 19. Also, t he  
amounts required t o  give Ne = 108 are compared. The following t a b l e  gives 
t h e  per t inent  values taken from t h e  calculations f o r  t he  l a rges t  i n i t i a l  drop 
s i zes  : -- 21 
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kJ 
Figure lb/sec (kg/s) 

22(a) 8.0 (3.63) 

22(b) 1.3 (0.59) 

These values of 
used. 
able  f o r  cooling at the 8-foot (2.44 m )  s t a t ion  i s  between t h e  estimated limits 
f o r  the 8.1 lb/sec (3.67 kg/s) case and somewhat below the  lower l i m i t  f o r  
the  1.3 lb/sec (0.59 kg/s) case. The amounts required t o  give Ne = lo8 a r e  
i n  reasonable agreement with the f a i r e d  l i n e .  

= (1 - R3)& are p lo t ted  i n  f igure  19 at the  a l t i t udes  
It can be seen tha t  the amount of water evaporated and therefore  ava i l -  

Figure 22(c) represents-conditions f o r  the  smallest flow rate of 0.3 lb/sec 
(0.13 kg/s). The value of Wcr = 0.5 as used i n  the  solut ion i s  s l i g h t l y  
l a rge r  than the  value t h a t  would be obtained by the  use of f and Rcr from 
f igure 19. Nevertheless, t he  computed temperature i s  s t i l l  above 7500° R 
(4166' K )  at x = 8 and N e  = 5 x 1010. About 25 percent o r  more of t he  
injected water is evaporated a t  t h i s  s ta t ion ,  but t h i s  amount i s  s t i l l  
insuf f ic ien t  t o  have any appreciable e f f ec t .  It thus appears on t h e  basis 
of f i n i t e  evaporation and equilibrium cooling t h a t  0.3 lb/sec (0.15 kg/s) 
flow ra te  would be too s m a l l  t o  give s igna l  recovery a t  t h i s  a l t i t ude .  

Percent evaporated, Amount evaporated, 

at  x = 8 f t  (2.44 m) at Ne = lo8 at x = 8 f t  (2.44 m )  a t  Ne = lo8 

1 - R 3  iV, lb/sec 

0.33 0.21 2.64 (1.20 kg/s) 1.68 (0.76 kg/s) 

* 25 .21 .32 (0.15 kg/s) .28 (0.13 kg/s) 

The gas mixture veloci ty  Vm,x f o r  the  la rge  and intermediate water flow 
rate cases ( f ig s .  22(a) and 22(b) )  i s  reduced by several  thousand f e e t  per sec- 
ond at the downstream s t a t ions  near the VHF antenna s i te .  This la rge  reduction 
provides an indicat ion of t he  magnitude of the  droplet  and gas flow in te rac t ion  
which may tend t o  cause equilibrium conditions a t  higher a l t i t u d e s  than f o r  no 
inject ion.  In the  analysis of paper 23 of reference 8, the  mixture composition 
was assumed t o  be frozen (except f o r  the  addition of water vapor) and the  pr in-  
c i p a l  mechanism fo r  e lectron removal w a s  assumed t o  be heterogeneous reactions 
a t  o r  near the  droplet  surfaces.  The result of t h a t  analysis  appeared t o  be i n  
reasonable agreement with experimental observations (paper 22 of r e f .  8 ) .  The 
present equilibrium analysis does not agree quant i ta t ive ly  with the  observed 
resu l t s ;  however, the trends with a l t i t u d e  and flow r a t e  appear t o  be cor rec t .  

Effect of Water Inject ion on Vehicle Moments 

The results of the wind-tunnel pressure measurements ( f i g s .  12 t o  15) indi-  
2 3 x 10-4, the  pressure on the  windward side of the  cated tha t  f o r  values of  

conical portion of t h e  tes t  models at the  o r i f i c e  ahead of the in jec t ion  s i t e  
increased by as much as a f ac to r  of 4. Also, even fo r  t he  smallest  amount of 
injection, the  pressure on the  windwad s ide of t h e  cy l indr ica l  section 
decreased by about 40 percent. 
and moments o f  t h e  f l i g h t  vehicle. 

These pressure changes would a f f ec t  the forces 
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To determine the  sever i ty  of t he  problem due t o  pressure changes, t he  

The r e s u l t s  a re  p lo t t ed  against a l t i t ude  i n  f igure  23. 
values of f o r  the  three o r i f i ce  s i zes  t o  be used have been computed f o r  t he  
f l i g h t  t ra jec tory .  
From the wind-tunnel t e s t  result showing an increase i n  pressure on the  conical  
sect ion for  
230 000 f e e t  (70 104 m) ,  192 000 feet  (58 522 m) ,  and 165 000 f e e t  (30 292 m )  a 
corresponding pressure r i s e  could occur due t o  in jec t ion  from t h e  nozzles of 
do = 0.082 (0.21 cm), 0.228 (0.58 cm), and 0.221 (0.56 cm) inch diameter, 
respectively.  
(48 768 m ) ,  moderate t o  l a rge  pressure increases could occur on the  conical 
portion of the  vehicle during most of t he  water-on periods. Since the  extent 
of t h i s  pressure r i s e  may be controlled by a viscous interact ion phenomenon, 
and since the  f l i g h t  Reynolds numbers ( f i g .  17(b)) a re  generally lower than t h e  
wind-tunnel t es t  values ( f i g s .  12 and l3) ,  i t  i s  necessary t o  be conservative 
i n  applying the  measured data. 

- M > 3 x 10-4, it i s  seen t h a t  at a l t i t udes  above approximately 

Since the  water in jec t ion  ended a t  around 160 000 feet 

To t h i s  end a maximum disturbance case was assumed wherein the  pressure on 
the  conical sect ion forward of t h e  in jec t ion  s i t e  a l l  t he  way t o  the  forward 
o r i f i c e  locat ion of the  present tes t  ( o r i f i c e  a, f i g .  l ( a ) ) ,  and l a t e r a l l y  t o  
@ = 45' This 
fac tor  and t h e  assumption of no pressure increase forward of o r i f i c e  a i s  based 
on the r e su l t s  of t he  present tests ( f ig s .  1 2  t o  15). 
pressure on the  cy l indr ica l  sect ion t o  
assumed t o  decrease by 40 percent. 
pitch-up moment and tend t o  increase the  angle of a t tack.  
turbance could only occur when M > 3 x 10-4. 

on e i t h e r  s ide of t h e  windward ray increases by a f ac to r  of 3.8. 

A t  the  same time, the  
@ = -145' from the  windward ray w a s  

These two pressure changes both cause a 
This maximum dis- - 

A minimum disturbance case w a s  a lso assumed tha t  corresponded t o  values of - 
M < 3 x 
port ion ( f i g .  14)  but t he  pressure decrease would s t i l l  be present on the  
cy l indr ica l  p a r t  ( f igs .  12 and 1 3 ) .  
as i n  the  maximum disturbance case. Again, in  accordance with the  data  of 
f igure  15, the  change i n  pressure was assumed t o  extend t o  
windward ray. 

which they act ,  a change i n  moment coeff ic ient  aC, w a s  calculated f o r  both 
the  m a x i m u m  and minimum cases. The results are shown i n  f igure  24 where the  
values of aC, 
f igura t ion  from reference 17. 

For t h i s  s i t ua t ion  no pressure r i s e  would occur on the  conical  

This decrease was assumed t o  be 40 percent 

16 = 245' from t h e  

By using t h e  assumed pressure d is t r ibu t ion  and the  assumed areas upon 

a re  applied t o  the  moment coeff ic ient  curve f o r  t he  Gemini con- 

These m a x i m u m  and minimum changes i n  moment coeff ic ient  are highly conserv- 
a t ive  due t o  the  following: (a) For the actual  f l i g h t  experiment in jec t ion  i s  
at instead of at the  windward ray, and therefore the  pressure leve ls  
would probably be lower than assumed. 
ind ica te  t h a t  t h e  pressure would not remain constant a t  the windward ray l e v e l  
along t h e  conical  port ion f o r  @ grea ter  than about 20°. 

@ = 30' 
(b) The results shown i n  f igure  l5(b)  

Computations (unpublished) on the  motions of the  spacecraft  due t o  these 
maximum and minimum aC, values have been made and analyzed by Thomas M. Walsh 
of Langley Instrument Research Division. These aC, values were assumed t o  be 
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constant i n  the  analysis and the  results indicated tha t  fo r  the short  in jec t ion  
periods used, the spacecraft  motions would be small. 

CONCLUDING REMARKS 

Wind-tunnel tests have been car r ied  out t o  provide design parameters for  
the  Gemini reentry communication experiment. 
t iga ted  i n  the tests were the  penetration of t he  l i q u i d  spray in to  the flow 
f i e l d  and the  e f f ec t  of in jec t ion  on vehicle surface pressure.  
limits for  water flow rates required f o r  s igna l  recovery on the basis of Com- 
p l e t e  and p a r t i a l  evaporation and equilibrium propert ies  are included. All 
pressure tests were made w i t h  t he  model at  an angle of a t t ack  of 15'. The 
water was injected frm a single  nozzle located on the windward side of the  
conical port ion of the model. The nozzle was or iented t o  i n j e c t  the water 
upstream a t  an angle of 20' with respect t o  the model surface.  

The general problem areas  inves- 

Estimated design 

The l i qu id  spray penetration i n t o  t h e  flow f i e l d  was correlated i n  terms 
of model diameter, nozzle o r i f i c e  diameter, l i qu id  e x i t  velocity, and free-  
stream density. 
penetrated beyond t h e  location of the  undisturbed bow shock. 
were used t o  pred ic t  t he  var ia t ion with a l t i t u d e  and flow rate of the  spray 
penetration f o r  t h e  Gemini Ti tan 3 (GT-3) reentry.  The observed s igna l  recovery 
f o r  VHF during the f l i g h t  experiment indicated t h a t  the  predicted spray pene- 
t r a t i o n  w a s  ver i f ied  t o  a good degree of accuracy. 

The cor re la t ing  expression w a s  found t o  change when the  spray 
The correlat ions 

The e f f ec t  of water in jec t ion  on surface pressures w a s  t o  increase the 
pressure ahead of the in jec t ion  s i te  on the conical port ion of t h e  models by as 
much as 300 percent, depending on the value of a momentum parameter M. This 
parameter i s  the r a t i o  of the momentum of the l i qu id  j e t  a t  the  nozzle e x i t  t o  
the  momentum of the  incoming air  i n  a stream tube of model nose diameter. For 

a peak of about four t i m e s  t he  undisturbed l e v e l  a t  
increases were apparently caused by the in te rac t ion  w i t h  the  body of a shock 
generated by the  l i qu id  jet. The pressure downstream of the  in j ec t ion  s i te  on 
the  cy l indr ica l  portion of t h e  vehicle w a s  decreased by about 40 percent fo r  a l l  
inject ion f l o w  r a t e s  tes ted .  These pressure disturbances extended around t h e  
vehicle no more than 45' t o  e i t h e r  s ide  of the  windward ray.  
t he  pressure disturbances on t h e  aerodynamic moment of t h e  f l i g h t  vehicle 
were estimated. 

- 

2 3 x the  pressure ahead of t h e  in j ec t ion  s i t e  began t o  r ise  and reached 
The pressure E = 2 X 10-3. 

The e f f ec t s  of 

Three water flow rates of approximately 8.0 lb/sec (3.63 kg/s), 1.3 lb/sec 
(0.59 kg/s) ,  and 0.3 lb/sec (0.14 kg/s) were chosen f o r  t he  flight experiment 
t o  cover t h e  estimated range required. 
optimum penetration was predicted, these flow rates w e r e  analyzed on the bas is  
of f i n i t e  evaporation rates with equilibrium cooling. The results indicated 
t h a t  
8 x 10 8 a t  downstream distances from in jec t ion  of about 0.1 foot  (0.03 m )  and 
1 foot  (0.3 m )  f o r  the l a rges t  and intermediate rates, respect ively.  For the 
small f l o w  rate, N e  1O1O a t  10 f e e t  (3.05 m )  from in j ec t ion  and indicates  

A t  t he  "design" a l t i t u d e s  where the  

Ne would be reduced t o  the  c r i t i c a l  l e v e l  f o r  transmission of about 
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t h a t  no recovery of rad io  transmission could be expected f o r  t h e  small flow rate 
at  the  design a l t i t ude .  Because of a general reduction i n  flow rate require- 
ments with increasing a l t i tude ,  some increase i n  effectiveness could occur a t  
a l t i t udes  above the design values. 

The V" antenna on the  Gemini reentry configuration i s  located on the  base 
of t he  vehicle i n  a region of separated flow. The flow conditions i n  t h i s  
region during in jec t ion  cannot be computed; however, wind-tunnel data  indicate  
tha t  some cooling e f f e c t s  would be expected. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va. ,  October 11, 1965. 
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APPENDIX 

EFFECT OF MULTIPLE INJECTION NOZZLES ON PENETRATION 

The wind-tunnel t e s t s  used t o  determine spray penetration correlat ions f o r  
the Gemini scale m o d e l s  were car r ied  out with s ing le  in jec t ion  o r i f i ce s .  In  
order t o  obtain the  desired penetration f o r  t he  GT-3 experiment at the  lower 
a l t i tudes  fo r  the  large in jec t ion  flow rate, it w a s  necessary t o  use four o r i -  
f i ce s  of 0.221-inch (0.56 cm) diameter. 
based on the wind-tunnel t e s t s  with a s ingle  o r i f i ce ,  it w a s  necessary t o  
determine the  e f f ec t  of multiple o r i f i ce s  (spaced close together at an in jec t ion  
s i t e )  on penetration. 

Since t h i s  predicted penetration w a s  

Apparatus 

The Gemini scale  models and in jec t ion  nozzles ( f i g s .  1 and 2)  were too 
small f o r  the  convenient i n s t a l l a t ion  of multiple o r i f i c e  nozzles. Hence, t h i s  
investigation w a s  done by means of in jec t ion  nozzles in s t a l l ed  i n  a curved p l a t e  
t ha t  was mounted f lush  with t h e  wall of the Mach 8 variable density wind tunnel 
( the  same f a c i l i t y  as tha t  used fo r  the sca le  model tes ts) .  

A sketch of the  p l a t e  showing the nozzle i n s t a l l a t i o n  i s  given i n  f i g -  
ure 25. These noz- 
z les  were screwed in to  the  end of a 1.06-inch-diameter (2.69 cm) pipe t h a t  
w a s  attached t o  the  bottom of the  p l a t e  a t  an angle of 20° with the  p l a t e  sur- 
face, as i l l u s t r a t e d .  This in jec t ion  angle, and t h e  recessed mounting of t he  
nozzles, then simulated the in jec t ion  configuration used i n  t h e  f l i g h t  experi- 
ment (paper 22 of r e f .  8).  Six nozzles were made: 
diameter (0.16 cm) o r i f i ce s  and three with 0.125-inch-diameter (0.32 cm) o r i -  
f i ce s .  The o r i f i ce s  w e r e  arranged i n  pa t te rns  of 1, 2, o r  3 per  nozzle as 
indicated. The spacing between the  o r i f i c e s  f o r  the  multiple nozzles w a s  i n  a l l  
cases fixed a t  one o r i f i c e  diameter. 
ins ta l la t ion .  ) 

Details of t h e  t e s t  nozzles are a l s o  shown i n  the f igure.  

three with 0.0625-inch- 

(This spacing w a s  then used i n  the f l i g h t  

A photograph of t he  p l a t e  and nozzle i n s t a l l a t i o n  i s  shown i n  f igure  26. 
A nozzle with 2 o r i f i c e s  of 0.125-inch diameter i n s t a l l e d  i n  the  tes t  pos i t ion  
i s  shown. 

Test Procedure 

A f t e r  the  tunnel w a s  s t a r t ed  and steady flow conditions were at ta ined,  t he  
water was in jec ted  i n  short  burs t s  of approximately 0.3-second duration. 
tunnel stagnation pressures and in jec t ion  pressures w e r e  varied during the  tests 
from 100 t o  900 ps ig  (689 476 t o  6 205 500 N/m) and 50 t o  500 ps ig  (344 750 
t o  3 447 500 N/m), respectively.  The maximum penetration of t he  water spray 
w a s  determined by i l luminating the  spray with a l i g h t  beam through t h e  tes t -  
section windows by an arrangement similar t o  t h a t  of f igure  4. 
photography at framing speeds of 200 pe r  second w a s  used t o  record the  penetra- 
t ion .  Wall pressures on the mounting p l a t e  were monitored during the  tests and 

The 
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the pressures downstream and t o  the s ide of the nozzl 
can be seen in  f i g .  26) were found t o  increase with increasing inject ion ra tes .  
The tunnel w a l l  s t a t i c  pressure at a point 11 inches (27.94 cm) upstream of the 
nozzle w a s  a l so  monitored. 
inject ion,  an abrupt change i n  spray penetration and d is t r ibu t ion  was observed. 
This change w a s  a t t r i bu ted  t o  tunnel flow breakdown o r  choking; hence, no data 
were used when t h i s  forward pressure showed any change due t o  inject ion.  

( t he  pressure o r i f i c  s 

When t h i s  pressure w a s  affected appreciably by 

Results and Discussion 

The r e su l t s  f o r  the maximum cross-current penetration a re  p lo t ted  i n  f ig -  
ure 27 as the r a t i o  ym/do against the correlating parameter 

This parameter w a s  found t o  give the best  correlation of a l l  data shown i n  the 
figure,  including typ ica l  data from the scale model t e s t s  t ha t  a r e  shown f o r  
comparison. Note t h a t  the exponents on the density and velocity r a t i o s  i n  the 
correlat ion parameter are the  same as would be obtained from equations (1) 
and (3). The stream density and velocity f o r  both s e t s  of data were evaluated 
a t  free-stream tunnel conditions. 

Although there  i s  considerable sca t t e r  i n  these data, the correlat ion 
shows tha t ,  f o r  the  conditions of these t e s t s ,  the  maximum penetration does not 
depend on the  number of o r i f i ce s  a t  the  inject ion s i t e .  That is ,  the t o t a l  
mass flow i s  not included i n  the correlation, but the diameter of the  o r i f i ce s  
and the density and velocity of the airstream and of the water at  the nozzle 
e x i t  are .  It i s  therefore concluded tha t  the c o r r e l a t i m s  f o r  the  Gemini scale 
models as given by equations (1) t o  (4 )  are aTplicable t o  a multiple-orifice 
array, i f  the do i s  always used d i r ec t ly  as the diameter of the or i f ices .  

The correlat ion a l so  shows tha t  the maximum penetration i n  the tunnel w a l l  
t e s t s  with values of up t o  0.125 inch (0.32 cm) and where the tunnel wall 
boundary layer  has cer ta in ly  had some influence can be scaled approximately by 
the parameters indicated ( tha t  is, o r i f i ce  diameter, free-stream density and 
velocity, and water e x i t  velocity) and tha t  agreement with the model t e s t s  i s  
obtained. 

d, 
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Section A-A 

(b) l/jO-scale model with side support s t r u t .  
opposite side from support s t r u t  a t  values of 

Inject ion nozzles a r e  on 
@ shown i n  figure 10. 

Figure 1. - Concluded. 
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Schlieren of flow f i e l d  

Penetration a t  x/D’s 1 
Penetration a t  x/D M 0 

- 
(a) v = 344; 7 = 0.0153; Z = 0.00021. L-65-7952 

Figure 5. - Schlieren and penetration photographs of‘ the l/?O-scale model rear 
sting supported with 
Arrows indicate direction of air flow. 

d, = 0.020-inch-diameter (0.050 cm) flush nozzle. 
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Schlieren of flow f i e l d  

Penetration a t  x/D a 1 Penetration a t  x / D  FJ 0 

(b) = 1367; = 0.0607; E = 0.00192. 

Figure 5.- Continued. 
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Schlieren of flow f i e l d .  

P e n e t r a t i o n  a t  x/D w 1 Pene t r a t ion  a t  x/D M 0 

- 
(c) v = 6498; ii = 0.2887; i? = 0.0125. 

Figure 5.- Concluded. 

L-65-7954 
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S c h l i e r e n  of f l o w  f i e l d  

P e n e t r a t i o n  a t  x/D M O  P e n e t r a t i o n  a t  x/D 1 

- 
(a) V = 271; w = 0.0170; E = 0.00034; f lu sh  nozzle. L-65-7955 

Figure 6.- Schlieren and penetration photographs of t he  1/60-scale Gemini rear 
s t ing  model with 
d i rec t ion  of a i r  f low.  

do = 0.010-inch-diameter (0.025 cm) nozzle. Arrows ind ica te  
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Schlieren of flow field 

Penetration at x/D E. 1 Penetration at x/D N 0 

(b) = 1355; 7 = 0.0602; E = 0.00195; extended nozzle. L-65-7956 

Figure 6. - Concluded. 

U N CLASS I FI ED 
39 



t 
I 

U N B I E D  

m 
m 
.4 

B 

x e 

rl 

n 
!=I 
\ x 

0 
21 

\ x 
n 

\D 
r i  
0 
9 - 
v 

I1 

lX .- 
In 
In 

0 
I1 

9 

15 
..I 

0 
0 
(u rc 
II 

IP ... 
0 

II 
-3 

iJ 
d 
a) 
V 
d 
k 
.rl 
k 
0 

8 
d 
.P 

a, 

i - 
(d 
d 

P 

4 

11 

? x 

\o 
In rc 
0 

0 

II 

? 

IC 
.* 
(u 
3 

0 

I1 

9 

15 

3 
A 
I1 

I> ... 
0 
0 
(u 

I1 

.a 

.P 
d 
a, 
0 
d 
k 
d 
k 
0 

8 
.ri 
.P 
0 

i! 
h 

P 
v 

u NCLASS I FI ED 



I 

P 
\ 
X 

41 

U NCLASS I F I ED 



0 0 

8 

1 

m 
I 

~2 

42 



43 

U NCLASSlFl ED 



7 
0 

c 

LL! 
n.5 A p3 

I ' _ I  ' I 

\ 



1 

(a) Injection with = 1.62 X 10-3. (b) No injection. L-65-7958 

(c) Schematic of injection case. 

Figure 11.- Schlieren of the flow field showing secondary shock system caused 
by water jet. Rear-sting-supported 1/30-scale model at a = 15' with 
0.020-inch-diameter (0.050 cm) flush nozzle. 
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10'2 

Figure 12.- Effect of injection on pressure ratio along windward ray. Rear-sting-supported 
1/6O-scale model; 0.010-inch-diameter (0.025 cm) flush nozzle; b , ~  = 3.6 x 105. 
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10-3 

(a) %, D = 4.18 x 105. 

10-2 

. 

(c) R,,D = 10.65 x 105. (d) k , D  = 25.5 x 10-5. 

Figure 13.- Effect of injection on pressure ratio along the windward ray. Rear-sting-supported 
l/jO-scale model; 0.020-inch-diameter (0.050 cm) flush nozzle. 
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IO0 

10-1 

10- 

Figure 14.- Effect of i n j ec t ion  on pressure r a t i o  a t  o r i f i c e  locat ion b 
f o r  the Reynolds number range of the t e s t s .  Data from f igures  12 and 13. 

48 



UNCLASSIFICD 
-- 

p 
4ur 

(a) Station a. (b) Station b. 

Q No injection 
0 With injection 

Faired experimental data 

2.4  

_ _  No injection 
- With injection 1.6 

P 
Pwr 
L 

. a  

0 20 40 

4, deg 

(c) Station c. 

2.4 

1. 6 

P - 
Pwr 

0 

(d) Station d. (e) Station e. 

Figure 15.- Effect of injection on the lateral pressure distribution. 
Injection nozzle at windward ray (6 =-o0); rear-sting-supported 
1/30-scale model; k,n = 7.15 x 105; M = 2.55 x 10-3; 
d, = 0.02-inch (0.05 cm) flush nozzle. 
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( b )  %,D variat ion with a l t i t u d e .  

Figure 17.- Concluded. 
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Equation Constant y/D 

2 0.46 
S 0.57 

( 2) 1.79 2 0.46 
_ _  -42) 2.01 2 0.57 

( 1) 8.19 { 
- _ _  

m 
.00561 

,00579 

,00208 

Q 

- 

( a )  = 0.  

Figure 20.- Predic ted  spray pene t r a t ion  for  t h e  Gemini r een t ry  
communications experiment. 

vl 
N f t / s ec  m/sec 
4 110 33.5 

1 84 25. 6 

1 128 39.0 

55 

\$ NCLASSI FI ED 



U N CLASS I FI ED 

1.2 

1.1 

1. c 

C . *  

.6 

. 7  

y,, 
D 

. e  

F .. 

. 4  

. I  

. 2  

.1 

0 

VHF recovery 

Constant y/D 

12.17 { 2 g::: 
2.65 2 0.68 
2.98 z 0.84 

I Estimated location of 
undisturbed shock 

I I  

(I= 9" 

(I = 15" 

m 
C 

lb/sec kg/sec 

3.31 
____( 

,672 

+--H ,294 .1335 

d0 

i n  cm 

. 2 2 1  ,561 

,228 .579 

,082 .208 

300 280 260 240 220 200 180 160 103 
Altitude, f t  

- - I o  103 
L-. -- 
90 60 

Altitude, m 

N v, 
ft /sec m/sec  

4 110 33.5 

1 84 25.6 

1 128 39.0 

X (b) 5 = 1.0. 

Figure 20. - Concluded. 



a = ~ S O  

L-65-7959 
Figure 21.- Schlieren photographs f o r  no inject ion showing the e f f e c t  of a change 

i n  angle of a t tack on shock layer  thickness. 
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In this region p r e s s u r e  
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Figure 23.- E var i a t ion  with a l t i t u d e  for  GT-3 reentry f o r  three design nozzles. 
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Figure 27.- Correlation of maximum crosscurrent spray penetration from the  
Gemini model inject ion (N = 1) and the tunnel w a l l  in ject ion (N = 1, 2, or  3 ) .  
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